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INTRODUCTION
During pregnancy, CD4+CD25 HI FOXP3+ regulatory T cells (Tregs) are found at high levels in decidual tissue and have the ability to suppress fetus-specific and nonspecific responses (Erlebacher, 2013; Tilburgs et al., 2008) . Most interestingly, HLA-C mismatched pregnancies (where the fetus and extravillous trophoblasts (EVTs) express an HLA-C allotype that the mother does not have) had increased levels of functional CD4+CD25 HI Tregs in decidua, compared to HLA-C matched pregnancies (Tilburgs et al., 2009) . Furthermore, in vitro co-culture of naive CD4+ T cells with EVTs directly increased the proportion of CD4+FOXP3+ Tregs, compared to CD4+ T cells cultured alone (Du et al., 2014; Svensson-Arvelund et al., 2015; Tilburgs et al., 2015) . This suggests that maternal T cells may specifically recognize fetal HLA-C, but its expression on EVTs promotes immune tolerance. The importance of maternal immune tolerance for fetal HLA-C is further illustrated by a recent study suggesting that HLA-C antibodies may contribute to the etiology of miscarriage (Meuleman et al., 2016) . The proportion of circulating FOXP3+ Tregs was shown to be diminished in maternal blood obtained after spontaneous preterm birth (SPTB) (Kisielewicz et al., 2010; Koucký et al., 2014; Schober et al., 2012) , preeclampsia (PE) (Steinborn et al., 2008; Wagner et al., 2016) and in decidual tissue obtained after recurrent spontaneous miscarriage (Inada et al., 2015 (Inada et al., , 2013 . Furthermore, clonally expanded CD4+CD25 HI CD127-CD45RA-Treg populations were observed in healthy term pregnancy decidua, and failure of this clonal expansion may be related to development of preeclampsia (Tsuda et al., 2018) . The importance of Tregs was also demonstrated in murine pregnancy models (Aluvihare et al., 2004; Moldenhauer et al., 2009; Xin et al., 2014; Zenclussen et al., 2005) . Depletion of CD25+ Tregs during allogeneic matings, but not syngeneic matings, resulted in an increased resorption rate (Aluvihare et al., 2004) . Besides highlighting the role for Tregs, this also demonstrated that in the absence of Tregs, effector cells cause immunologic rejection of allogeneic fetal or placental tissues. A more recent murine study demonstrated that FOXP3+ Tregs with specificity to paternal antigens were generated extrathymically and accumulated in the placenta. In this study, females with impaired ability for extrathymic Treg induction showed increased fetal resorption rates and had increased influx of immune cells to the placenta in allogeneic matings, but not syngeneic matings (Samstein et al., 2012) . Other pathways and molecules have been demonstrated to play a role in Treg induction during pregnancy, including the blockade of the PD1-PDL1 pathway that led to reduced decidual CD25+FOXP3+ Treg numbers and increased embryo resorption in mice, which could be abrogated by adoptive CD25+FOXP3+ Treg transfer (D'Addio et al., 2011) . This demonstrates the importance of PD1-PDL1 for decidual Treg induction. However, specific factors that contribute to diminished decidual Treg numbers or function during pregnancy complications have not been identified in human pregnancy.
Thus far, research on the role of Tregs in human pregnancy has mainly focused on FOXP3+ Tregs (Dimova et al., 2011; Inada et al., 2015 Inada et al., , 2013 Kisielewicz et al., 2010; Koucký et al., 2014; Mjö sberg et al., 2010; Nadkarni et al., 2016; Schober et al., 2012; Tilburgs et al., 2008; Tsuda et al., 2018) , while other types of FOXP3-Tregs have not been studied in as much detail. Most importantly, only a handful of studies provide functional analysis of peripheral blood (Steinborn et al., 2008; Wagner et al., 2016) and decidual Tregs (Tilburgs et al., 2008 (Tilburgs et al., , 2009 ) during human pregnancy. FOXP3, in combination with high expression of CD25 and HELIOS and the absence of CD127 expression, primarily identifies natural Tregs (nTregs), although whether HELIOS is a defining marker for human nTregs remains controversial. The nTregs are generated in the thymus, are specific for self-antigens, and are responsible for preventing anti-self (autoimmune) responses (Miyara et al., 2009; Sakaguchi et al., 2001) . In contrast, induced Tregs (iTregs) are generated in the periphery and can be specific for a large variety of antigens, including allo-antigens and viral-antigens (Belkaid, 2007; Chong and Alegre, 2014; Vignali et al., 2008) . A well-characterized type of iTregs are Tr1 cells that secrete high levels of IL-10; express PD1; co-express CD49b and LAG3, but do not express FOXP3; and are important in the control of alloimmune responses (Gagliani et al., 2013; Roncarolo and Battaglia, 2007) . Other iTregs include TIGIT+ cells that modulate antigen-presenting cells (APC) through interaction with CD155 on APCs and Tr35 cells that function through secretion of IL-35, an immune suppressive cytokine (Collison et al., 2007; Joller et al., 2014) . A large variety of other markers have been used to identify distinct iTreg populations (including but not limited to FOXP3, CD25, GITR, TIM3, CD39, LRRC32 [also known as GARP], LAP, and CCR8) (Anderson et al., 2016; Collison et al., 2010; Deaglio et al., 2007; Shevach and Thornton, 2014) . None of these markers are truly specific for iTregs, as they can also be expressed on activated T cells. Thus, to identify iTregs, functional assays are required to demonstrate their capacity to suppress immune responses such as proliferation, cytokine secretion, and cytotoxicity (Meng et al., 2016; Vignali et al., 2008) . In this study, we provide extensive phenotypic and functional characterization of three types of decidual CD4+ Tregs in uncomplicated human pregnancies and investigate the ability of HLA-G+ HLA-C+ EVTs and decidual macrophages, the main APCs at the maternal-fetal interface, to increase Treg proportions.
RESULTS
Distinct CD4+ T Cell Types with a Regulatory Phenotype
Are Present in Decidual Tissue FACS analysis on freshly isolated peripheral blood CD4+ T cells (CD4+ pTs) and decidual CD4+ T cells (CD4+ dTs) isolated from first-trimester decidua (gestational age 6-12 weeks) and term placenta decidua basalis (d.basalis) and decidua parietalis (d.parietalis) (gestational age > 37 weeks) was performed to determine cell surface expression of CD45, CD4, CD25, PD1, TIGIT, CD127, CD45RA, CD49b, and LAG3 and intracellular expression of FOXP3 and HELIOS. A clear population of activated nTregs was identified in all tissues based on the high expression of CD25, FOXP3, and HELIOS and the lack of CD45RA and CD127 (Figure 1 ; Figures S1AÀS1D) (Miyara et al., 2009 Figure 1D , right panel). A second T cell population was identified based on the high expression of PD1, the lack of FOXP3 and HELIOS, and low CD25. LAG3 and CD49b were not expressed by CD4+ dTs. While both CD25 HI and PD1 HI cells co-expressed high levels of TIGIT, a third population of CD4+ dTs also expressed high levels of TIGIT and low levels of FOXP3, HELIOS, PD1, and CD25 ( Figure 1 ; Figures  S1AÀS1D ). FOXP3 expression in TIGIT+ cells was significantly lower than in CD25 HI cells ( Figure S1E ). The t-Distributed Stochastic Neighbor Embedding (t-SNE) analysis confirmed the separation of these three T cell populations ( Figure S2 ) that hereafter will be named (1) CD25 HI FOXP3+, (2) PD1 HI , and (3) TIGIT+. These three CD4+ T cell types were purified by FACS sort and analyzed for their ability to produce the pro-and anti-inflammatory cytokines IFNɣ, IL-2, and IL-10 upon phorbol 12-myristate 13-acetate (PMA)/Ionomycin stimulation. PD1 HI T cells from all tissues expressed the highest levels of IL-10 and co-expressed IFNg ( Figure S3 ), suggesting a resemblance to Tr1 cells (Gagliani et al., 2013 (Figure 2A ). All three CD4+ Treg types in decidual samples of 6-12 weeks suppressed proliferation of CD4+ Teffs. This is illustrated by the significant increase in the percentage of undivided cells ( Figure 2B ), and a significant decrease of the division index ( Figure 2E ) upon co-culture of Tregs and Teffs, compared to stimulated Teff cultured alone. Additionally, purified PD1 dim cells from 6-12 week decidual tis- Figure 2H ). Figure S5C ). Thus, besides suppressing Teff proliferation, both CD25 HI and PD1 HI Tregs also modulated the production of cytokines by Teffs.
CD25
HI FOXP3+, PD1 HI , and TIGIT+ Tregs from Decidua and Blood Express Distinct Transcriptional Profiles To further investigate the molecular mechanisms the three Treg types may utilize to modulate T cell proliferation and cyto- kine production, RNA was isolated from CD25 HI FOXP3+, PD1 HI , and TIGIT+ Tregs purified from peripheral blood, first-trimester decidua (6-12 weeks), and term pregnancy d.parietalis (>37 weeks). The BioMark Fluidigm 96x96 QPCR chip was used to detect gene expression. Sixty-six primer pairs had detectable CT values and melting curves (gene and primer list are included in Table S1 ). CT values were normalized against GAPDH (DCT), and the fold change (FC) was calculated relative to the median DCT of the blood CD4+ Teffs. Expression levels of CD25, FOXP3, PD1, and TIGIT confirmed the purity of the Treg fractions (Figure S6A ). K-means cluster analysis of gene expression in the four T cell populations visualized two separate gene clusters in blood and decidua. Cluster I identified a set of genes, including CD25, FOXP3, TIGIT, CD39, LRRC32 (GARP), ST2, BATF, and CCR8, which are highly expressed by CD25 HI FOXP3+, low in PD1 decidual macrophages isolated from first-trimester placental tissue were cocultured with naive CD4+ pTs for 3 days as described previously (Tilburgs et al., 2015) . Co-culture of EVTs or decidual macrophages with CD4+ pTs significantly increased the proportion of FOXP3+ and HELIOS+ Tregs (Figure 5A) . EVTs, but not decidual macrophages, also increased the proportion of PD1 HI Tregs, while neither EVTs nor decidual macrophages changed the TIGIT+ population ( Figure 5A ). To determine whether EVTs and decidual macrophages increased Treg proportions through cell-cell contact or by secretion of soluble factors, EVTs or decidual macrophages and CD4+ pTs were co-cultured in a transwell system. Separation of EVTs or decidual macrophages from CD4+ pTs by a transwell membrane resulted in a small but not significant decrease in the induction of FOXP3+ and HELIOS+ cells by EVTs and decidual macrophages (Figures 5B and 5C) , suggesting that both cell-cell contact and soluble factors may play a role in the induction of FOXP3+ cells by EVTs and decidual macrophages. In contrast, when EVTs and CD4+ pTs were separated by a transwell membrane, the increase in the proportion of PD1 HI cells was abrogated, demonstrating that cell-cell contact is required here ( Figure 5B ).
To further investigate the mechanisms by which EVTs and decidual macrophages increase Treg proportions, additional cell cultures were established where EVTs or decidual macrophages were co-incubated with CD4+ pTs in the presence of IgG controls and blocking antibodies for a panel of co-inhibitory molecules and anti-inflammatory cytokines. The increase in FOXP3+ cells was not reversed by addition of any of the blocking antibodies tested in EVT co-cultures (TCR coreceptor CD3; HLA-C; HLA-G receptor ILT2; HLA-G; coinhibitory molecule PDL1; and the immune modulatory cytokine TGFb) ( Figure 5D ) and decidual macrophage co-cultures (ILT2, HLA-DR, PDL1, TGFb, IL-10 receptor [IL-10R]) ( Figure 5E ). Interestingly, addition of HLA-C and CD3 antibodies significantly inhibited the induction of PD1 HI cells by EVTs ( Figure 5F ), while blocking HLA-G interactions resulted in a small but not significant reduction. Blocking ILT2, PDL1, and TGFb in the EVTs and CD4+ T cell co-cultures did not significantly affect induction of PD1 HI cells by EVTs ( Figure 5F ). The question of whether placental viral infections alter Treg induction or Treg stability and thereby exacerbate placental inflammation is clinically important. EVTs were infected with human cytomegaloviruses (HCMVs), the most common pathogen to infect the placenta and a major cause of congenital disease . Interestingly, no differences were observed in the capacity of healthy or HCMV-infected EVTs to increase CD25 HI FOXP3+ and PD1 HI Treg proportions ( Figure 5G ).
Collectively, these results suggest that Tregs can locally be induced by EVTs and decidual macrophages and that antigen-specificity may be involved.
DISCUSSION
Modulation of co-inhibitory molecules and Tregs function has exceptional therapeutic potential for treatment of a wide vari- Decidual TIGIT+ cells significantly inhibited CD4+ T cell proliferation but did not influence CD8+ Teff proliferation or cytokine production, suggesting TIGIT+ Tregs only have limited capacity to suppress T cells, but their ability to suppress other cell types (e. g. APCs) was not investigated here. Further analysis of gene and protein expression of all Treg types in blood and decidua clearly separated the three Treg types and revealed that many immune regulatory molecules (e. g. CTLA4, ST2, LRRC32, GITR, IFNg, and IL-10) have increased expression in decidua compared to blood. Thus, decidual Tregs are highly activated and have the potential to influence immune responses through a variety of molecular pathways and cellular targets. Of importance here is further investigation into the contribution of decidual Treg types on the modulation of decidual CD8+ effector-memory T cells, which were shown to have signatures of T cell activation and dysfunction (van der Zwan et al., 2018) .
Most interesting here is the discovery of the role of HLA-C in the induction of PD1 HI Tregs by EVT. EVTs, but not decidual macrophages, have the capacity to directly increase PD1 HI Tregs through cell-cell contact. Blocking of the TCR co-receptor CD3 or HLA-C in these EVT and CD4 T cell co-cultures significantly reduced this increase, suggesting that antigenspecificity may be involved. Although it is well established that CD4+ T cells recognize major histocompatibility complex (MHC) class II molecules, MHC class I-restricted CD4+ T cells have been reported (Boyle et al., 2004) . Decidual PD1 HI Tregs somewhat resemble Tr1 cells that have been extensively characterized in murine tissues (Yu et al., 2017) and human peripheral blood (Gagliani et al., 2013; Kunicki et al., 2018) . Their similarities include the high expression of Bars represent median and interquartile range; n = 8-14; *p < 0.05; **p < 0.01; ***p < 0.005.
PD1, IL-10, IFNɣ, and granzymes and the lack of FOXP3 expression. In contrast to Tr1 cells that were shown to depend on the ILT2-HLA-G pathway for their induction (Gregori et al., 2009 ), induction of PD1 HI cells by EVTs was not dependent on the HLA-G receptor ILT2, while directly blocking HLA-G during the EVT and CD4 T cell co-culture resulted in a small but not significant decrease of PD1 HI Tregs induction. Tr1 cells were also shown to be induced by DC-10 through IL-10 secretion and interaction of HLA-G and ILT4 (Gregori et al., 2010) . Thus, other decidual cell types such as HLA-G+ DC-10, that are found in decidual tissues may contribute to induction of the PD1 HI Tregs described here (Amodio et al., 2013) . The main mechanisms of Tr1-mediated suppression are the secretion of IL-10 and killing of APCs by granzyme B (Passerini et al., 2011) . The expression of perforin and granzymes in first-trimester decidua PD1 HI Tregs may suggest they can also diminish APC activity using this pathway. Tr1 cells were identified in HLA-mismatched fetal liver hematopoietic stem cell transplant (HSCT) patients and were shown to suppress allogeneic responses in transplant patients and prevent autoimmune responses (Pot et al., 2011; Roncarolo and Battaglia, 2007 Tregs (Sebastian et al., 2016; Thornton et al., 2019) . Instability of HELIOS-deficient Tregs was also associated with conversion to a T-effector phenotype and enhanced antitumor immunity (Nakagawa et al., 2016) , and HELIOS was shown to control certain aspects of Treg-suppressive function, differentiation, and survival (Sebastian et al., 2016) . However, the lack of HELIOS expression does not exclusively identify human iTregs (Himmel et al., 2013) . Here, we demonstrate that human decidual CD25 HI FOXP3+ Tregs have a high expression of HELIOS, which reduces in term pregnancy decidua as well as in cases of miscarriage, as was shown previously (Inada et al., 2015) . et al., 2018) , and preferential recruitment of fetus-specific CD25 HI FOXP3+ Tregs from the maternal peripheral blood to the maternal-fetal interface has been suggested to occur in human pregnancy (Tilburgs et al., 2008) . Furthermore, CD4+CD25
HI Tregs had increased suppressive function when they were isolated from decidual tissue with a maternal-fetal HLA-C mismatch compared to an HLA-C match (Tilburgs et al., 2009 ). In neither of these studies was HELIOS expression investigated, but an explanation to align these observations may be that CD25 HI FOXP3+ Tregs are a mixed population of self-specific nTregs and fetus-specific iTregs. Another explanation may suggest that an increased induction of other iTreg types (e.g., PD1
HI does not alter the capacity of EVTs to promote immune tolerance. This is in line with a previous observation that decidual natural killer (NK) cells degranulated in response to HCMV-infected maternal decidual stromal cells, but not in response to HCMV-infected EVTs, suggesting that immune tolerance is maintained at the expense of efficient clearance of HCMV infection . Relevance of the distinct Treg populations should be addressed by studying their presence and functionality in cases of pregnancy complications. Decreased proportions of decidual CD4+CD25 HI FOXP3+ and HELIOS+ Tregs were associated with spontaneous recurrent miscarriage (Inada et al., 2015 (Inada et al., , 2013 and preeclampsia (Steinborn et al., 2008; Wagner et al., 2016; Zhang et al., 2018) . The detailed phenotypic characterization, combined with gene expression and extensive functional analysis of multiple Treg populations as presented here, provides a strong platform for guiding analysis of altered Tregs in clinical conditions for which no systematic functional Treg characterization has been performed. This study provides strong evidence that multiple types of decidual Tregs, including nTregs and iTregs, play a key role in maintaining maternal-fetal immune tolerance during pregnancy. Moreover, the decidual microenvironment contains cell types, particularly EVTs and decidual macrophages, which have mechanisms to stabilize and expand Treg populations. Of importance here is the data demonstrating that blocking the TCR co-receptor CD3 as well as HLA-C during EVT -CD4 T cell co-cultures inhibited the increase in PD1 HI Tregs, suggesting antigen specificity. Further, characterization of decidual Tregs and Teffs in placental materials obtained after spontaneous preterm birth, preeclampsia, and intrauterine infections will accelerate discovery of therapeutic targets to prevent and cure these severe pregnancy complications, as is underway for treatment of many types of cancer and autoimmune diseases.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Discarded human placental and decidual materials (gestational age 6-12 weeks) were obtained from women undergoing elective pregnancy termination at a local reproductive health clinic. Term placental tissues (gestational age > 37 weeks) were obtained from healthy women after uncomplicated pregnancy at term delivered by elective cesarean section or uncomplicated spontaneous vaginal delivery at Tufts Medical Center. All tissues were visually inspected for signs of excessive inflammation (including 
METHOD DETAILS Isolation of T cells and decidual macrophages
The procedures to isolate lymphocytes and EVT have recently been described (Tilburgs et al., 2015) and are also described in detail hereafter. To isolate 1 st trimester decidual lymphocytes, villous and decidual tissues from elective pregnancy terminations were RNA isolation and QPCR chip analysis Purified CD4+ T cells from four samples of blood, decidua 6-12wk and d.parietalis > 37wk ( Figure S1A ) were resorted into four types CD4+CD25 HI , CD4+PD1 HI , CD4+TIGIT+ and CD4+ Teff ( Figure S1B ) and collected directly into 600 mL Trizol reagent (Life technologies) supplemented with 0.5 mL glycogen (20mg/ml; Affymetrix) and stored at À80 C until RNA isolation. Total RNA was isolated using the RNAeasy Micro Kit (QIAGEN) per manufacturer's instruction. RNA was analyzed on a Nanodrop to determine RNA yield and integrity. RNA quality of all samples was further confirmed by performing a QPCR analysis for GAPDH and FOXP3 expression. In short: RNA was reverse transcribed with Stratagene's AffinityScript QPCR. cDNA Synthesis Kit and amplification of specific PCR products for FOXP3 and GAPDH were detected using the PerfeCTa SYBR Green Super Mix with Low ROX (QuantaBio) in duplicates. Subsequently, high quality samples were run in duplicate on the BioMark Fluidigmâ QPCR 96.96 chip. 1.25ml DNA was pre-amplified in a 96-well plate using the Fluidigmâ PreAmp Master mix combined with 500nM forward and reverse primer of each primer pair (2min at 95 C, 10 thermal cycles of 15sec at 95 C and 4min at 60 C) (primers are listed in Table S1 ). Exonuclease treatment to remove unincorporated primers was carried out using the Exonuclease I at 40U/ml (New England BioLabs). 2ml of the Exonuclease I dilution was added to each preamplification reaction and incubated in a thermal cycler for 30min at 37 C and 15min 80 C. A 5-fold dilution was prepared in TE buffer (10mM Tris-HCl, 1.0mM EDTA, TEKnova, PN T0224). Sample pre-mix for the 48 samples was prepared using 2ml of the prepared cDNA with 20X DNA binding dye sample loading reagent (Fluidigm) and 2X SsoFast EvaGreen supermix with low ROX (Bio-Rad). The assay mix was prepared in a separate 96-well plate consisting of 2X assay loading reagent, 1X DNA suspension buffer and 100mM of mixed forward and reverse primers. Chips were primed, loaded with both assay and sample mix and run on BioMark readout instruments as described by the manufacturer, at Harvard University's core facility. Biomark data were processed using Fluidigm Biomark software. Quality control was based on EvaGreen reagent allowing for detection of unspecific PCR product and formation of primer dimers using the BioMark software. Samples of failed reactions were automatically excluded by the software. The resulting values for 66 primers of 48 samples were normalized by subtracting CT values for GAPDH (DCT) and subsequent conversion into fold-change values relative to the median peripheral blood Teff (2DDCT). K-means cluster analysis was performed using the fold-change values of the 66 genes in Express Cluster V1.3 in Genepattern https://cloud. genepattern.org/gp. Differential expression of significantly correlating genes was based on K-means with a minimum of a 1.5-fold change.
Isolation of EVT
Isolation of EVT and co-culture with CD4+ T cells was performed as described previously (Tilburgs et al., 2015) and are are also described in detail hereafter. 1 st trimester villous tissue was gently scraped from the basal membrane and the tissue was digested day 2, and no cytopathic effects on EVT were visible after HCMV . For co-culture assays, HCMV infected cells were washed twice after 12 hours of infection and 100.000 CD4+ pT were added. CD4+ pT were harvested after 48 hours and analyzed by Flow cytometry for CD45, CD4, CD25, PD1, TIGIT and intracellular FOXP3.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data was analyzed using GraphPad Prism version 6.07 software. To determine differences between 2 paired groups a non-parametric Wilcoxon Signed Rank test was performed ( Figure S1E ). To determine differences among more than 2 unpaired groups, a nonparametric Kruskal-Wallis test with Dunn's multiple comparison post-test was performed (Figures 1, 2, 3 , and 5; Figures S3, S4 , and S7). For the Dunn's post-test the mean ranks were compared to control column A (Figures 2BÀ2G and 3 ; Figures S4 and S7 ), column B (Figures 5DÀ5F) or with the mean rank of every column (Figures 1, 5AÀ5C , and 5G; Figure S3 ). P values < 0.05 were considered to denote significant differences. *p < 0.05; **p < 0.01; *** p < 0.005 are indicated within each figure. Sample size indicates biological replicates of individual placental of blood cell isolates and are indicated indicted in each figure legend. Sample sizes were not determined beforehand.
